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ABSTRACT
The emission from the relativistic jets in blazars usually outshines their host galax-
ies, challenging the determination of their distances and the characterization of the
stellar population. The situation becomes more favorable in the case of the extreme
blazars (EHBLs), for which the bulk of the emission of the relativistic jets is emitted at
higher energies, unveiling the optical emission from the host galaxy. The distance de-
termination is fundamental for the study of the intrinsic characteristics of the blazars,
especially to estimate the intrinsic gamma-ray spectra distorted due to the interaction
with the Extragalactic Background Light. In this work we report on the properties
of 2WHSP J073326.7+515354 host galaxy in the optical band, which is one of the
few EHBLs detected at TeV energies. We present the first measurement of the dis-
tance of the source, z = 0.06504 ± 0.00002 (velocity dispersion σ = 237 ± 9 kms−1).
We also perform a detailed study of the stellar population of its host galaxy. We find
that the mass-weighted mean stellar age is 11.72 ± 0.06Gyr and the mean metallicity
[M/H] = 0.159 ± 0.016. In addition, a morphological study of the host galaxy is also
carried out. The surface brightness distribution is modelled by a composition of a
dominant classical bulge (Re = 3.77 ± 1′′ or equivalently 4.74 kpc) plus an unresolved
source which corresponds to the active nucleus. The black hole mass is estimated using
both the mass relation with the velocity dispersion and the absolute magnitude from
the bulge yielding comparable results: (4.8 ± 0.9) × 108 M and (3.7 ± 1.0) × 108 M,
respectively.
Key words: BL Lacertae objects: general – BL Lacertae objects: individual
(2WHSP J073326.7+515354) – galaxies: active – galaxies: nuclei
1 INTRODUCTION
Radio loud Active Galactic Nuclei (AGN) whose relativistic
jets point close to the direction to Earth are generally called
blazars. The emission from this type of sources is strongly
dominated by their jets because of the beaming caused
by geometrical effects. Therefore, the broadband emission
from blazars is dominated by the continuum emission of
the jet from radio to gamma rays, typically displaying two
bumps on their spectral energy distribution (SED). Two
classification methods are usually applied to blazars. On one
hand, based on their optical spectra, blazars are classified
as Flat Spectrum Radio Quasars (FSRQs) if their optical
spectra show broad and intense emission lines (equivalent
width (Wλ) > 5 A˚) and BL Lac objects (BL Lacs) in
case their optical spectra is dominated by the continuum
? E-mail: jbecerra@iac.es
† E-mail: jose.acosta@iac.es
emission from the jet, showing faint spectral lines if any. On
the other hand, blazars can be classified with respect to the
position of the peak from the first bump (synchrotron peak)
on their SED. In case of BL Lacs, they are classified as
low (LBL, with ν
sync
peak
< 1014 Hz), intermediate (IBL, with
1014 ≤ νsync
peak
< 1015 Hz), high (HBL, 1015 ≤ νsync
peak
≤ 1017
Hz) and extreme (EHBL, ν
sync
peak
> 1017 Hz) peaked BL Lacs.
2WHSP J073326.7+515354 (a.k.a. PGC 2402248)
is included in the 2WHSP catalog (Chang et al. 2017)
as an EHBL with ν
sync
peak
= 1017.9 Hz. Recently, MAGIC
Collaboration et al. (2019) reported compatible results,
ν
sync
peak
= 1017.8±0.3 Hz. The source is a unknown red-
shift gamma-ray emitter, detected in the high-energy
band (HE, E>100 MeV) by Fermi-LAT (also known as
4FGL J0733.4+5152, The Fermi-LAT collaboration 2019).
Recently, it was also detected in the very high energy
(VHE, E>100 GeV) gamma-ray band with the MAGIC
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telescopes (MAGIC Collaboration et al. 2019), becoming
one of the few detected EHBLs at TeV energies. Therefore,
2WHSP J073326.7+515354 is a source of particular interest
to populate the EHBL parameter space at gamma rays,
which detectability is very challenging with the current
instrumentation.
Gamma rays are absorbed due to the interaction
with the Extragalactic Background Light (EBL) via pair
production (see e.g. Acciari et al. 2019, and references
therein). Hence, in order to study the intrinsic gamma-ray
emission from blazars, the distance is a key parameter to
infer the absorption and distortion that the gamma-ray
spectra suffer due to the gamma-ray absorption on its way
to Earth. Generally, measuring the redshfit from BL Lacs
is challenging due to the fact that their optical spectra are
typically dominated by continuum emission from their jets,
outshining the weaker emission from their host galaxies.
This issue is not only affecting the redshift measurements
but also the characterization of their host galaxies. Actually,
the knowledge of the host galaxies for blazars is very limited
and mostly related to low luminosity sources (see e.g. Serote
Roos & Gonc¸alves 2004; Gonc¸alves & Serote Roos 2004).
However, in case of EHBLs, the SED bumps are located at
high energies, allowing us to clearly identify the emission
from their host galaxy with a reduced contamination from
the jet emission in comparison with other types of blazars.
This is the case of 2WHSP J073326.7+515354, which
optical spectrum is dominated by its host galaxy emission.
The high quality of the observations obtained with the
10.4 m Gran Telescopio de Canarias (GTC) allows us to
determine the redshift precisely as well as to carry out a
detailed analysis of the host galaxy.
In Section 2 the optical observations and data analysis
procedures are presented. The study on the stellar popula-
tion of the host galaxy is discussed in Section 3, and a mor-
phological study of the host galaxy can be found in Section 4.
The results and conclusions of this work are summarized in
Section 5.
2 OPTICAL SPECTROSCOPY.
OBSERVATIONS AND DATA REDUCTION
Optical observations were carried out at two epochs from
the Roque de los Muchachos observatory located in the
canary island of La Palma. A first optical spectrum of the
target was taken using the 2.5 m Isaac Newton Telescope
(INT) on 2017 September 21. It allowed us to identify
three possible absorption features, estimating a preliminary
redshift. After the detection of VHE gamma rays associated
with this target with the MAGIC telescopes (MAGIC
Collaboration et al. 2019), a second epoch was observed on
2018 May 2 using the GTC to improve the S/N ratio. This
second observation is crucial for the detailed study of its
stellar population as presented in the following sections.
The observations with INT were carried out using the
long-slit IDS spectrograph, the camera RED+2, the grat-
ing R300V and 1 arcsec slit width, yielding a resolution of
1067 at 5000 A˚. The slit was oriented along the parallactic
angle. The target was observed at an airmass of 1.3, tak-
ing 6 exposures of 100 s each (a total of 600 s). The data
were reduced1 following the standard procedures for bias
subtraction and flat-field correction. The spectrum was cal-
ibrated in wavelength using a CuAr+CuNe calibration arc
using the same instrumental setup as for the observation
of the target. The normalized spectrum is shown in Fig. 1,
were three absorption features can be identified: G4300 at
4581 A˚, Mg b at 5512 A˚ and Na-D at 6278 A˚. The identi-
fication of these absorption features are consistent with a
redshift of z= 0.0649 ± 0.0004. The error has been estimated
by performing Montecarlo simulations of the observed spec-
trum with the uncertainty estimated from the RMS of the
continuum. The absorption features of the simulated spectra
are then fitted with a Gaussian function and the error is ob-
tained from the resulting distribution. For this calculation,
the Na-D line is used since it is best defined line identified
in the spectrum.
The second optical observation of the target was ob-
tained using the 10.4 m GTC telescope. The observations
were carried thanks to a DDT proposal (GTC2018-099).
The instrumental setup used OSIRIS in spectroscopic long-
slit mode, with the grism R1000B and slit width of 1 arcsec,
which yields a spectral resolution of 625 at 5000 A˚. Three ex-
posures of 300 s each were taken on the target, resulting on a
total of 15 min observation time. The observations were per-
formed in parallactic angle at an airmass of 1.3. In addition
to the target, the calibration star Ross640 was also observed
using the same instrumental setup as well as observation
conditions including the same airmass. For the calibration
star, three observations of 15 s each were taken. Standard
calibration images for bias, flat field and calibration lamp
were also taken during the same night.
The GTC data were reduced following the standard pro-
cedures for bias subtraction and flat-field correction. Spe-
cial care was taken to subtract the sky lines averaging the
sky spectrum as observed adjacent to the target. The spec-
trum was extracted using an aperture of 4 arcsec around
the emission peak. The spectrum was flux calibrated using
an spectrophotometric standard taken after our target using
the same configuration. Afterwards, the target spectrum was
corrected for telluric absorption using the tool telfit (Gullik-
son et al. 2014). Finally, the spectrum is corrected from in-
terstellar reddening by a value AV = 0.165, taken from NED
database which uses Schlafly & Finkbeiner (2011). The ex-
tinction curve provided by Fitzpatrick & Massa (2007) was
used in this work.
3 STELLAR POPULATION
In order to characterize the stellar population emission dom-
inating the observed spectrum, we used the penalized pixel
fitting technique (pPXF) (Cappellari & Emsellem 2004;
Cappellari 2017). We adopted the stellar population synthe-
sis models MILES2 (Vazdekis et al. 2010) as template spec-
tra. These models have a spectral resolution of FWHM =
1 IRAF standard packages were used for the different reduction
tasks through this work.
2 Medium–resolution Isaac Newton Telescope Library of Empir-
ical Spectra
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Figure 1. Normalized optical spectrum of 2WHSP J073326.7+515354 as observed with the INT telescope on 2017 September 21. Besides
the telluric emission lines, three absorption features are identified in the spectrum. A smoothing of 3 pixels is used for display.
2.5 A˚ (σinstr ∼ 64kms−1), as estimated in Falco´n-Barroso
et al. (2011), and cover the range 3525–7500 A˚ (Sa´nchez-
Bla´zquez et al. 2006). We selected the set of Single Stellar
Population (SSP) models which uses the Kroupa Univer-
sal function (Kroupa 2001) as initial mass function (IMF),
and the set of isochrones from the Bag of Stellar Tracks and
Isochrones models (BaSTI, Pietrinferni et al. 2013). The grid
of models covers a range of stellar ages from 0.03 to 14 Gyr
and metallicity from [M/H] -2.27 to 0.4.
In a first step, we adjust the kinematics parameters, ra-
dial velocity and velocity dispersion of the stellar emission.
This is performed within the range 5100-6200 A˚, in which
there are several absorption features, the most prominent are
Mg b, Fe 5270, 5335 and Na-D, and it is free of contamina-
tion by emission lines. A multiplicative second order Legen-
dre polynomial is included to adapt the template continuum
shape to the observed spectrum. The best fit, with a reduced
χ2 ∼ 1, is obtained for a velocity dispersion of 237±9 km/s,
yielding a redshift estimation of z=0.06504±0.00002. From
the velocity dispersion we can estimate the black-hole (BH)
mass using the relationship provided by McConnell et al.
(2011) (we use the relationship derived for the whole sam-
ple), which yields (4.8± 0.9) × 108M. Once the radial veloc-
ity and the velocity dispersion are obtained, they are kept
fixed and used to determine the best fitting stellar popula-
tion model. Before running pPXF over the whole spectral
range, we mask the regions containing emission line fea-
tures, i.e. around the Hβ+[OIII] and Hα+[NII] complexes.
The observed spectrum resembles that of an early-type or
elliptical galaxy (see Fig 2). As expected from visual inspec-
tion of the spectra, the highest weights found by pPXF of
SSP models are obtained near the upper limits of age and
metallicity within the available grid on the stellar library.
The mass-weighted resulting parameters indicate a very old
(11.72±0.06Gyr) and metallic ([M/H] ' 0.159±0.016) stellar
population. The distributions of the age and metallicity of
the stellar population are shown in Fig. 3. It shows that star
formation has decrease with time, and the last star forma-
tion episodes took place around 6 Gyr ago.
Note that the best fit to the optical spectrum is obtained
after adding a first order Legendre polynomial (in a log(λ)
scale) used to improve the fit of the observed spectrum with-
out varying the template continuum shape. The addition of
this polynomial component mimics the commonly observed
power law component and accounts for the likely feature-
less contribution from the active nucleus. As it can be seen
in Fig 2, this nuclear component (featureless continuum) is
very important w.r.t. the total observed optical spectrum en-
closed within the slit (about 2/3) in the blue part whereas
it becomes less important at the red end (about 1/10). The
index of the best matching power–law is -1, i.e. Fλ ∝ λ−1,
or equivalently Fν ∝ ν−1. A check was performed to find the
best description of the additive polynomial, testing different
polynomial orders: for a zero-order, or simply adding a con-
stant the χ2/d.o.f. worsen by 30% w.r.t. the first-order poly-
nomial, whereas for a second-order the χ2/d.o.f. improves
by only 10%, although the solution does not make physi-
cal sense because it drops rapidly towards the blue and red
ends, while the featureless continuum is usually shaped as a
power-law type function.
3.1 Emission lines
The maximum equivalent width (EW∼ 2) of the lines
present in our spectrum correspond to the Hα+[NII]
complex (see Fig. 2). According to such EW value
2WHSP J073326.7+515354 is consisting with its classifica-
tion as a BL Lac object.
The best stellar population model composite is sub-
tracted from the observed spectrum in order to reveal better
the ionized gas emission (see Figs. 2 and 4). The resid-
uals show emission line features which correspond to the
Hα+[NII], Hβ+[OIII] complexes and less evident to [SII].
We fit the emission features using Gaussian functions for
each transition, which parameters are listed in Table 1. Due
to the limited resolution power, in the case of Hα complex
we have constrained the 3 lines assuming the same velocity
offset and the same line width. We try to classify the emis-
sion line spectrum using diagnostic diagrams as proposed
by Kewley et al. (2006). After placing our measured line ra-
tios in their diagnostic diagrams, they lie in the boundary
region separating HII regions Seyfert and LINERs. Only in
the [NII]/Hα vs [OIII]/Hβ our measurement lies in the right
wing corresponding to AGN type.
Using the Hα emission line flux we have derived the line
luminosity, L(Hα) = (13.7 ± 0.5) × 1039 erg s−1. This value is
among the highest values found by Eracleous et al. (2010);
Ho et al. (1997) for a sample of LINERs and lower than
MNRAS 000, 1–8 (2020)
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Figure 2. Optical spectra of 2WHSP J073326.7+515354 (black line) and the best fit stellar population model (red line). Note the good
matching of the stellar population synthesis model to the observed spectrum. The subtraction of the model to the observed spectra
is shown as residual (green line). The most conspicuous features are indicated in the figure. The horizontal bar in the bottom panel
represent the flux level expected for the unresolved nucleus as derived from the surface brightness model.
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Figure 3. Star formation history and metallicity distributions as
derived by using pPPXF. The bottom X-axis indicates the age of
the stellar population, whereas the top one indicates the value of
the metallicity ([M/H]). It can be seen from the figure that the
stellar population is dominated by old and metal-rich stars.
[Emission Lines Measurements]
Line ID Center FWHM Flux
A˚ A˚ 10−16erg cm−2 s−1
Hβ 4861 ± 4 16 ± 14 3.6 ± 1.1
[OIII] 5007.9 ± 1.2 12 ± 4 5.98 ± 0.6
Hα 6562.2 ± 0.5 11.9 ± 1.4 13.3 ± 0.5
[NII]∗ 6582.8 11.9 15.7 ± 0.5
[SII]∗∗ 6715.8 12.8 2.8 ± 0.7
[SII] 6730.8 ± 3.7 12.8 ± 11 3.2 ± 0.8
Table 1. Optical emission lines from 2WHSP J073326.7+515354
assuming a Gaussian fit. Notes: ∗The center and width of the
[NII]6548,6584 are linked to the values corresponding to Hα. The
line flux ratio [NII]6584/[6548] is kept fixed to the theoretical
value 3. ∗∗The center and width of the [NII]6716,6731 are con-
strained among them.
the values found by Kinney et al. (1991) for a sample of
Seyfert 2 galaxies. From the line luminosity we derive an
estimation of the ionizing photon flux, assuming all ionizing
photons (energies larger than 1 Rydberg) are absorbed by
the gas emitting Hα (Osterbrock 1989). Thus we obtained
Q[H0] = (10.1 ± 0.5) × 1051ph s−1, which is among the high-
est values found for low luminosity AGNs (Eracleous et al.
2010). Using the ionizing photon flux we have estimated
the corresponding flux density at frequencies close to the
ionization potential of H0, thus we obtained ν Fν[1Ryd] '
3 × 10−14erg cm−2 s−1, assuming Fν ∝ ν−1. This value results
to be about 2 orders of magnitude below the measured in the
W2/UVOT filter (MAGIC Collaboration et al. 2019). This
fact suggests that the mechanism responsible of the observed
UV radiation, likely synchrotron radiation from a relativis-
tic jet, cannot be the same producing photoionization of the
gas emitting Hα, unless the covering factor is very small. An
alternative mechanism to produce the excitation of the gas
can be due to shock-fronts driven by the radio jet (see for
example Dopita et al. 2015).
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Figure 4. Gaussian fits to the emission spectral lines after sub-
traction of the continuum, including the residuals at the bottom
panel of each figure. Top: the fits to the Hβ and [OIII] lines are
represented with different colors and line styles, while the ob-
served spectrum is denoted by the solid black line. Bottom: the
Hα+[NII]6548,6584 A˚ complex is represented. The emission lines
are fitted simultaneously, with the restriction of having the same
width and the relative distance between them corresponding to
the rest frame ratio. Moreover, the theoretical intensity ratio of
the lines is used to constrain the relative fluxes of the [OIII] and
[NII] lines.
4 HOST GALAXY MORPHOLOGY
We use the acquisition image taken with OSIRIS to inves-
tigate the properties of the blazar host galaxy. Despite the
short integration time (10 sec), 2WHSP J073326.7+515354
appears clearly extended (see Fig. 5). This image was taken
using the Sloan r filter, immediately before the spectra. The
image is bias subtracted and flat-field corrected using a flat
field taken from the database of the instrument. The photo-
metric zero point is determined by comparing the instrumen-
tal magnitude of several stars in the field with the calibrated
values from PANSTARRs catalogue.
In order to study the morphology of the host galaxy, we
apply the 2D surface brightness model fitting code GALFIT
(Peng et al. 2002), including a bulge component, character-
MNRAS 000, 1–8 (2020)
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ized by a Se´rsic profile, and a point spread function (PSF)
to fit the unresolved nuclear component. The 2D data and
models are show in Fig. 5, and the 1D surface brightness de-
composition is represented in Fig. 6. The PSF was obtained
from a nearby bright star (r=16.2), at a distance of 26 arc-
sec NNW from the target (marked in Fig. 5). This star was
modelled using a Moffat function plus an additional Gaus-
sian for the wings. The model was subtracted to the star
image and no structure was found in the residuals.
All parameters of the Se´rsic profile and the scaling fac-
tor of the PSF model were allowed to vary. The best-fitting
values are given in Table 2. We estimate the parameter un-
certainties by varying the sky value by ±1σ (corresponding
to the RMS of the empty sky regions). The best-fitting Se´rsic
index is n = 3.86, which indicates the presence of a classi-
cal bulge, suggesting an elliptical host galaxy (Blanton et al.
2003; Caon et al. 1993). The ellipticity obtained from the 2D
modelling is very small, corresponding to an E1 type galaxy.
The resulting model and the residuals are shown in
Fig. 5. By looking at Fig. 6, it can be noticed that the contri-
butions of the PSF and bulge at the center are very similar,
but at distance of 2” from the center, the nuclear profile is
about 5 magnitudes fainter than the bulge one. The resid-
ual image shows an excess at low surface brightness in the
form of a ring at distances around 5-7 ′′(or equivalently 6-
9 kpc) from the center. Ring structures have been observed
in several non-barred elliptical galaxies (Mutlu Pakdil et al.
2016, reported a double ring in PGC 1000714). The ex-
istence of such structure must be confirmed using images
taken at other filters, which should give hints about its ori-
gin. Nevertheless it does not affect our results about the host
morphology.
We also compute the corresponding flux contributions
of the unresolved component and the bulge integrated within
the area of the aperture used in our spectroscopy. We find
a contribution around 30% for the unresolved PSF compo-
nent, which is slightly above the value derived from pPXF
modelling (see Section 3). We derive an integrated flux of
0.267±0.03 mJy in the Sloan r filter for this component. The
derived flux is about 30% smaller than the value reported
by MAGIC Collaboration et al. (2019) in the R band (see
their Table A5). The two values can be compared given the
small difference in effective wavelength between the two fil-
ters (around 150). This result is expected given the fact that
our PSF is much narrower than the one used in their work.
The mass of the central black hole can be estimated
from the bulge luminosity, using one of the well known
MBH–L relationships. We have used the one provided by
Graham (2007), which relates the absolute magnitude in
R band with the black hole mass. In order to convert our
measurement in the Sloan r band to R band, we use the
transformation equations provided by Jordi et al. (2006)
which are valid for stellar spectra. Hence they can be ap-
plied to our case given the fact that the host galaxy spec-
trum is dominated by its stellar content. The transfor-
mation equation require an estimate of the color (r − i),
which is obtained from the tight relationships found by
Chang et al. (2006), between absolute magnitude (Mr ) and
colours. Thus our measured absolute magnitude in the r fil-
ter (Mr = −22.0 ± 0.2) converts to MR = −22.2 ± 0.2, which
yields to MBH = (3.7 ± 1.0) × 108 M. This value of MBH
compares very well with the one estimated from the velocity
dispersion of the stellar emission (see Section 3).
5 CONCLUSIONS
In this work we performed the first optical characterization
of 2WHSP J073326.7+515354 using optical spectroscopic
observations with INT and GTC telescopes. Its optical spec-
trum is galaxy dominated as typically seen in case of EHBLs.
This study resulted in the first estimation of its distance
(z = 0.06504 ± 0.00002) which is crucial for the gamma-ray
studies in order to estimate the effect of the distortion im-
printed by the interaction with the EBL.
A comparison with the stellar population synthesis
models MILES (Vazdekis et al. 2010) allowed us to classify
the host galaxy as an elliptical galaxy. The stellar population
within the galaxy is an old population reaching it maximum
at (11.72±0.06)Gyr and a metallicity of [M/H] ' 0.159±0.016.
The acquisition image clearly display an extended target,
which is used to carry out a morphological study. As shown
in Fig. 6, the radial profile can be explained using two com-
ponents: a nuclear region and a classical extended bulge.
The black hole mass is derived using two different meth-
ods. On one hand, a mass of (4.8 ± 0.9) × 108 M is derived
using the prescription from McConnell et al. (2011) for the
relation with the velocity dispersion. On the other hand, a
mass of (3.7±1.0)×108 M is estimated when using the rela-
tion of the absolute magnitude of the bulge in R band with
the black hole mass as given by Graham (2007). Both esti-
mations of the black hole mass are consistent within ∼ 20%,
and within their uncertainty estimations. These results are
very well compatible with the black hole masses derived for
a large sample of gamma-ray BL Lac objects reported by
Shaw et al. (2013).
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[Photometric and structural parameters of the 2WHSP J073326.7+515354 host galaxy]
PSF Sersic Model χ2/ν
mr Mr FWHM mr Mr n Re b/a
[arcsec] [arcsec/kpc]
17.9718.1217.87 -19.51 0.97 15.40
15.62
15.16 -22.05 3.86
5.17
3.09 3.77
5.66
2.96 / 4.74 0.92 0.67
Table 2. Notes: At the distance of 2WHSP J073326.7+515354 the angular scale is 1.257 kpc/′′. The absolute magnitude has been
computed using a distance modulus equals to 37.34 and corrected for insterstellar extinction (see text).
Figure 5. Left-top: Observed field with the GTC telescope, 2WHSP J073326.7+515354 is marked by the blue rectangle while the star
used for the PSF calculation is denoted by the blue circle. Right-top: central 15×15′′2 of the r band image of 2WHSP J073326.7+515354.
Left-bottom: GALFIT model using a Sersic profile combined with an unresolved nuclear component. Right-bottom: Residual image after
subtracting the model from the observation. Colour bars are in mag arcsec−2 in the observed and model galaxy, and ADU/RMS in the
residual image. North is up and East is left.
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Figure 6. 1D surface brightness decomposition. Observed profile
is shown with black dots, the Se´rsic profile is the dotted line (green
color) the scaled PSF is the dot-dashed line (blue color). Residuals
are shown in the bottom panel. The shaded areas represent the
results from the models after varying the background within ±1σ.
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